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中文摘要
近年来，随着电子和通讯技术的进步，电磁场对生命体的影响越来越受人们的关
注。其中，脉冲电场对细胞结构和功能的影响与对肿瘤细胞的消融作用逐渐成为近些
年生物电磁领域研究的热点。在脉冲电场作用下，细胞的形状，内部结构的电磁性质
会发生改变，甚至可以靶向性诱导肿瘤细胞凋亡、坏死。研究脉冲电场作用下细胞的
电响应及细胞内部导电、介电性质的改变对揭示电磁场生物效应的发生机制及肿瘤治
疗有着非常重要的意义。为此，本论文着眼于电磁场与细胞的相互作用，深入研究了
脉冲电场下细胞穿孔和细胞融合的机理、细胞内部结构介电参数的测试及带电纳米粒
子介入后细胞内的微观电磁效应。具体内容如下：
第一章，电磁场与细胞作用研究现状介绍：包括脉冲电场致细胞融合的现状及其
应用；测试细胞内部结构介电参数的研究现状；在细胞微观领域研究静电场对带电纳
米粒子与细胞作用的现状。
第二章，仿真模拟方法及基本理论概述：电磁场基本原理的介绍，包括 Maxwell
方程组，本构关系及边界条件；同时还介绍了有限元方法及其基本求解过程。另外，
我们还简单介绍了分子动力学模拟方法，重点介绍了粗粒分子动力学模拟方法在
MARTINI 力场下的映射、非键相互作用、成键相互作用和模拟参数。
第三章，脉冲电场下细胞形状及溶液导电率对椭球细胞电融合影响的研究。基于
细胞的电穿孔模型，建立了两个接触的椭球细胞融合模型，深入研究了微秒脉冲下细
胞的形状及溶液导电率对椭球细胞电融合的影响，成功获得脉冲电场下细胞膜上动态
变化的跨膜电位及穿孔密度，从而揭示了溶液低导电率能获得高效细胞电融合率的规
律，并且仿真结论与实验结果吻合。
第四章，测试细胞内部结构介电参数。建立了同轴线连接样品容器的模型，模拟
实验测试获得细胞悬液的介电谱，结合 Maxwell-Wagner 等效模型，细胞双壳或单壳模
型公式成功获得细胞内部结构介电参数，并深入研究了噪声对反演细胞内部结构介电
参数的影响。这项研究为实验室测试获得细胞介电参数的可信度有一定的指导意义。
第五章，细胞内微观电磁效应的研究。用粗粒分子动力学模拟方法，构建了带不
同电荷的纳米粒子与囊泡作用的模型。研究表明，带电纳米粒子表面电荷密度，电荷
分布及不同电荷性质会影响它与囊泡的作用模式。深入分析了带电纳米粒子与囊泡的
作用机理，高表面电荷密度纳米粒子直接穿透进囊泡的机制，从微观角度形象的揭示
了静电场在带电纳米粒子与囊泡作用中的关键作用。这些发现给我们设计高效的抗癌
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药物输送载体提供了思路。
第六章，本论文的总结论及对未来工作的展望。
关键词：细胞电磁效应，Maxwell 方程组，脉冲电场，细胞电融合，细胞介电参数，带
电纳米粒子，粗粒分子动力学
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Abstract
Recently, with the improvement of electronic and communication technologies, the
effects of electromagnetic on human beings have attracted a great deal of attention. In
particular, the effects of pulse field on cellular structure and function and ablation of
tumor cells have been emerged as hot topics in the field of bioelectromagnetics in recent
years. The shape and the electromagnetic properties of cells will change when exposed to
pulse field. In addition, the pulse field even can target the tumor cells and induce their
apoptosis and necrosis. Hence, investigating the response of cells under pulse field and
the change of conductivity and permeability of cells is a key issue to reveal the underlying
mechanisms and has great significance for tumor therapies. Therefore, in this work we
mainly investigate the macroscopic and microscopic bio-effects of electromagnetic between
electromagnetic field and cells. We in depth study the mechanism of cell electroporation
and electrofusion under pulse field, measurement the dielectric parameters of cell interior
and microscopic bio-effects of electromagnetic between charged nanoparticles and cells.
In Chapter 1, we briefly introduce the present status of bio-effects caused by elec-
tromagnetic field, including: a) cell electrofusion under the pulsed field; b) measurements
of the dielectric spectrum of cell suspensions and c) the effects of electrostatic in the
interaction between charged nanoparticles and cells.
In Chapter 2, we give a brief introduction of the typical simulation and theory method
used in model. Then we describe the basic fundamentals of electromagnetic field, including
Maxwell functions, constitutive relations and the boundary conditions. Moreover, we
pay attention to the basic solving process using finite element method. In addition, the
molecular dynamic simulation is introduced. Especially for the Coarse-grained molecular
dynamic (CGMD) simulation with MARTINI force field, we pay special attention to the
mapping, bond interaction and non-bond interaction and how to choose parameters in
CGMD.
In Chapter 3, we investigate the mechanism underlying ellipsoid cells’ electrofusion.
We successfully design the model of two contact ellipsoid cells exposed to pulse field base
on the cell electroporation model and investigate the influence of cell shape and medium
conductivity on ellipsoid cell’s electrofusion. We obtain the dynamic change of trans-
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membrane voltage and pore density of cell under pulse field. Furthermore, we indicate
that the low exterior conductivity of medium induce high efficiency of electrofusion, which
is quite agreement with experiments.
In chapter 4, we measure the dielectric parameters of cell interior under the pulse
filed. We successfully design a coaxial sensor model connecting to sample holder and
measure the dielectric spectrum of cell suspensions. Combining with Maxwell-Wagner
equivalent model and Double-Shell or Single-Shell cell model, we successfully obtain the
dielectric parameters of cell interior. We further study the effect of noise on cellular
interior dielectric parameters. Our results may have guide significance in the reliability
of dielectric parameters of cells measured in experiment.
In Chapter 5, we study the microscopic bio-effects of electromagnetic in cell interior.
We design a model of interaction between charged nanoparticle (CNP) and vesicle. It
is found that the surface charge density, the distribution of charge and the property of
charge influence the interaction between CNP and vesicle. We also provide insights into
the mechanism of the interaction between CNP and vesicle and the mechanism of CNP
with high surface charge density penetration into vesicle. We vividly demonstrate the key
role of electrostatic field in the interaction between CNP and vesicle from the microcosmic
view. These findings may provide us with a clue about how to design a high efficient CNP
as a carrier for drug delivery to achieve a certain goal in biomedical application
In chapter 6, thesis is summarized and an outlook for the future work is described.
Key words: Bio-effect of Electromagnetic; Maxwell Function; Finite Element Method;
Pulse Field; Cell Electrofusion; Cell Dielectric Parameters and Charged
Nanoparticle; Coarse-Grained Molecular Dynamic Simulation
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